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The  combination  of  low  friction,  wear  resistance,  high  hardness,  biocompatibility  and  chemical  inertness
makes  diamond-like  carbon  (DLC)  ﬁlms  suitable  in  a numerous  applications  in  biomedical  engineering.
The  cell  viability  and  adhesion  of  L929  mouse  ﬁbroblasts  was  investigated  using  two  different  colorimet-
ric  assays:  (i)  2-(4,5-dimethyl-2-thiazolyl)-3,5-diphenyl-2H-tetrazolium  bromide  (MTT),  and  (ii)  lactate





chemical  vapor  deposition  technique  from  a dispersion  of  TiO2 nanopowder  in  hexane.  The  increasing
concentration  of  TiO2 nanoparticles  in DLC  ﬁlms  enhanced  the  mitochondrial  activity  and  decreases  the
LDH activity  on  these  samples.  Fluorescence  and  scanning  electron  microscopy  corroborate  the results.
These  experiments  show  the  potential  use  of  DLC  and  TiO2-DLC  ﬁlms  in  biomedical  applications.
© 2012 Elsevier B.V. All rights reserved.
ibroblasts
. Introduction
Surfaces play a vital role in biology and medicine with most
iological reactions occurring at surfaces and interfaces [1].  The
uccessful incorporation of an implant into the body depends on
issue integration and infection resistance, which is inﬂuenced by
he adherence of autologous cells and bacteria to the surfaces [1,2].
ell adhesion and spreading is fundamentally essential for bioma-
erials that are frequently used in biomedical devices [3].  In most
ases, a surface modiﬁcation of these biomaterials is considered to
e a prerequisite for improving biocompatibility, since this kind of
aterial should also be hard, wear resistant, with a low friction
oefﬁcient and corrosion resistant for certain applications [4].
Diamond-like carbon (DLC) coatings have been actively studied
ver the last decade in the ﬁeld of material engineering. Consist-
ng of dense amorphous carbon or hydrocarbon, DLC mechanical
roperties fall between those of graphite and diamond [5–8].
hese coatings can also impart wear resistance, hardness, and
orrosion resistance to a medical device surface, and have been
onsidered for using in a variety of cardiovascular, orthope-
ic, biosensor, and implantable microelectromechanical system
evices [6,9,10]. Recent studies have reported modiﬁed-DLC ﬁlms
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ttp://dx.doi.org/10.1016/j.apsusc.2012.11.124improved biocompatibility, lubricity, stability and cell adhesion
[11–14].  Nanoparticle-dispersed composite ﬁlms are expected to
have the potential of changing their performances according to
the individual properties of nanoparticles [15]. According to Yun
et al. (2008) [8],  these characteristics are related to structural
bonds [16,17],  surface roughness [18,19] and whether the ﬁlm is
hydrophobic or hydrophilic [20,21].
Titanium is a reactive metal that forms, spontaneously, in the
air, water or any other electrolyte, a thin native oxide ﬁlm, which
is responsible for titanium biocompatibility [22]. This oxide layer
is responsible for the bone-bonding characteristics of titanium
implants [23]. Titanium dioxide (TiO2) has been widely studied
as regards various electronic applications, utilizing the photo-
catalytic nature and transparent conductivity, which strongly
depend on the crystalline structure, morphology and crystallite size
[24]. Due to TiO2 photo-semiconductor properties, it may  ﬁnd an
application as antibacterial agent for the decomposition of orga-
nisms [25,26].
In the last recent years, various authors have been reported the
production and characterization of TiO2-DLC ﬁlms for biological
applications [2,15,27–29]. Our previous publication reported for
the ﬁrst time the production and characterization of TiO2-DLC ﬁlms
using plasma enhanced chemical vapor deposition (PECVD) [30].
The used method permits the incorporation of TiO2 nanoparticles
in the ﬁlm structure during the deposition process from a disper-
sion of TiO2 in hexane. The results demonstrated these ﬁlms are











































tig. 1. Schematic drawing of the deposition setup: (a) is the deposition chamber;
b) is the valve and (c) is the compartment where hexane or hexane dispersion of
iO2 nanoparticles were inserted into the chamber.
otential antibactericial agents with the increasing concentration
f TiO2 nanoparticles. After, it was investigated the cytotoxic-
ty and cell adhesion on TiO2-DLC ﬁlms [31]. The cell spreading
ehavior was evaluated using physico-chemical properties. In the
urrent paper, cell viability and adhesion of L929 mouse ﬁbroblasts
as investigated using two different colorimetric assays: (i) 2-
4,5-dimethyl-2-thiazolyl)-3,5-diphenyl-2H-tetrazolium bromide
MTT), and (ii) lactate dehydrogenase (LDH). It is also compared
he observation with Scanning Electron Microscopy (SEM) and Flu-
rescence Microscopy (FM).
. Experimental procedures
The 316L stainless steel (SS) substrates (1 × 1 cm2) were
echanically polished to a mirror-like ﬁnish surface, cleaned ultra-
onically in an acetone bath for 15 min  and dried in nitrogen
tmosphere. The clean samples were mounted on a water-cooled,
0-cm diameter cathode powered by a pulsed directly current
lasma enhanced chemical vapor deposition power supply, with
ariable pulse voltage from 0 to −1000 V, at a frequency of 20 kHz
nd duty-cycle of 50%.
Into the chamber (vacuum base pressure of 1.3 mPa) the sub-
trates were additionally cleaned by argon discharge with 1 sccm
as ﬂow at 11.3 Pa working pressure and a discharge voltage of
700 V for 10 min  prior to deposition. In order to enhance the DLC
lm adhesion to metallic surfaces, a thin amorphous silicon inter-
ayer (thickness around 200 nm)  were deposited using silane as the
recursor gas (1 sccm gas ﬂow at 11.3 Pa for 12 min  and a discharge
oltage of −700 V) [32]. The DLC ﬁlms were deposited using hex-
ne as the feed gas to a thickness of around 2.0 m (at 18.0 Pa for
0 min  and a discharge voltage of −700 V).
In order to produce TiO2-DLC ﬁlms, TiO2 nanoparticles
Aeroxide® TiO2 P25 from Evonik), in anatase crystalline form with
verage particle size of 21 nm,  were dispersed in hexane at 0.1 and
.5 g/L. These dispersions replaced the pure hexane during the DLC
eposition. Fig. 1 shows the schematic drawing of the deposition
etup, where (a) is the deposition chamber, (b) is the valve and (c)
s the compartment where hexane or hexane dispersion of TiO2
anoparticles were inserted into the chamber. In order to perform
he deposition of TiO2-DLC ﬁlms, the valve (b) opens to hexane
ntering into the chamber.
The ﬁlm roughness values were characterized by atomic force
icroscopy (AFM), VEECO Multimode V, operating in dynamic
ode, with 0.01–0.025 -cm Antimony (n) doped Si tip (model
ESPW).
The contact angle () of the samples was measured by using
he sessile drop method with a Kruss EasyDrop contact angle Science 266 (2013) 176– 181 177
instrument (EasyDrop DSA 100). Two different test liquids (distilled
water and diiodomethane) were used for surface energy calcula-
tions, according to the Owens method [33]. The liquid was dropped
automatically by a computer-controlled system. All measurements
were carried out at room temperature.
L-929 mouse ﬁbroblasts cells were provided by Cell Line
Bank at Rio de Janeiro (CR019). The cells were maintained as
sub-conﬂuent monolayer’s in minimum essential medium with
1.5 mM l-glutamine adjusted to contain 2.2 g/L sodium bicar-
bonate 85%; fetal bovine serum 10% (Gibco, BRL), 100 units/mL
penicillin–streptomycin (SIGMA), and 25 g/mL l-ascorbic acid
(SIGMA). The incubation occurred within a CO2 (5%) atmosphere
at 37 ◦C.
The cytotoxicity assay was evaluated according to ISO 10993-5
“Biological evaluation of medical devices – Test for cytotoxicity: in
vitro methods” (or EN 30993-5), using direct contact. The cytotox-
icity assay was evaluated by two different colorimetric assays: (i)
MTT  [34] and (ii) LDH [35]. Latex fragments were used as positive
control [36]. Fragments of ﬁlter paper to prove the nontoxic nature
were used as negative control. The dimensions of these fragments
were the same of the substrates with DLC and TiO2-DLC ﬁlms.
All the samples (1 cm2) were sterilized in humid vapor (121 ◦C,
1 atm) and placed in individual wells of 24-well culture plates. The
cells were seeded in each well at a concentration of 5 ×105 cells/mL,
supplemented with 10% fetal bovine serum (Gibco, BRL). The
incubation was  performed under a CO2 (5%) atmosphere, at
37 ◦C during 24 h. After the incubation, the substrates with DLC
and TiO2-DLC ﬁlms, and the positive and negative control frag-
ments were removed from the respective wells. Only the cells
adhered to the well walls were assayed with (i) MTT  solu-
tion and (ii) LDH. The absorbance of the content of each well
was  measured at 570 nm (MTT) and 490 nm (LDH) with a 24-
well microplate reader on a spectrophotometer Spectra Count
(Packard). The blank reference was  taken from wells without
cells, also incubated with MTT  and LDH solution. The background
was  taken from wells without cells. The optical density (OD)
were normalized by the cell culture, and expressed in percentage:
[ODsample − ODbackground/ODcells − ODbackground] × 100. The experi-
ments were carried out in quintuplicate in order to conﬁrm the
reproducibility.
In order to analyze the surface and adhesion morphology of the
cells on DLC ﬁlms, the cell culture (5 × 105 cells/mL) were seeded
on the samples with DLC and TiO2-DLC ﬁlms and incubated under
a CO2 (5%) atmosphere, at 37 ◦C during 24 h. After this, the medium
was  removed and the samples were ﬁxed with a 3% glutaraldehyde
(0.1 M)  sodium cacodylate buffer for 1 h and dehydrated in a graded
acetone solution series (50, 70, 90, 100%) for 10 min each. The dry-
ing stage used a 1:1 solution of ethanol with hexamethyldisilazane
(HMDS) and the samples were dry with pure HMDS at room tem-
perature. After deposition of a thin gold layer, the cell spreading
on the samples were examined by Scanning Electron Microscopy
(SEM - ZEISS EVO MA10).
The actin ﬁlaments and nucleous morphology were assayed. For
this, the cell culture (5 × 105 cells/mL) was  seeded on the samples
with DLC and TiO2-DLC ﬁlms and incubated under a CO2 (5%) atmo-
sphere, at 37 ◦C during 24 h. After this, the medium was removed
and were rinsed with PHEM buffer (MgCl2 50 mM,  KCl 70 mM,
EGTA 10 mM,  HEPES 20 mM,  PIPES 60 mM pH 6.8) ﬁxed with a
4% paraformaldehyde, 0.1% glutaraldehyde and 0.1% Triton X100
in 0.1 M fosfate buffer (pH 7.2) for 30 min. Then the cells were
rinsed with PHEM buffer and incubated with PHEM buffer added 1%
bovine serum albumin for 10 min, treated with ammonium chlo-
ride (50 mM)  for 30 min  and incubated with rhodamine–phalloidin
(1:100-PHEM) for 60 min  and rinsed again with PHEM buffer. The
same material were incubated with 0.03 M of 4,6-diamidino-2-
phenylindole, dihidrocloruro (DAPI) (Molecular Probes, Eugene,
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Fig. 2. SEM images of: (a) DLC and (b) 1.0 g/L TiO2-DLC ﬁlm
Table 1
Average roughness of DLC ﬁlms with different TiO2 concentrations. Each mean value
corresponds to the average value on three different areas.
TiO2 concentration (g/L) Average roughness (nm)
0.0 4.7 ± 0.5























azan). The amount of color produced is directly proportional to the
T
C
d0.5  6.8 ± 0.7
SA), for 10 min. Observations were made with a ﬂuorescence
icroscope Leica DMLB and images will be captures via video cam-
ra digital Leica DFC 300FX.
. Results and discussion
Fig. 2 shows SEM images of the surface of a pure DLC and a 1.0 g/L
iO2-DLC ﬁlm. Fig. 2b reveals it was possible to reach a satisfac-
ory density of TiO2 nanoparticles with the adopted methodology.
he presence of TiO2 agglomerates in Fig. 2b conﬁrms the ten-
ency of nanoparticles forming aggregates on the surface during
he deposition process [37,38].
The surface roughness measured through AFM images over an
rea of 1 m × 1 m can be seen in Table 1. Even though, all the
urfaces are considerably smooth, the presence of TiO2 nanoparti-
les in DLC ﬁlms slightly increased their surface roughness. More
etails regarding DLC and TiO2-DLC ﬁlms can be seen in a previous
anuscript [30,31].
The contact angles of the samples formed with distilled water
nd diiodomethane are shown in Table 2. As the concentration of
iO2 nanoparticles in DLC ﬁlms increased, the water contact angle
ecreased from 82◦ to ∼53◦, and in the case of diiodomethane, the
ontact angle remained almost constant. Usually, a hydrophobic
urface has a contact angle higher than 70◦, while a hydrophilic
urface has a contact angle lower than 70◦ [39]. These results indi-
ate that TiO2-DLC is hydrophilic and TiO2-DLC ﬁlms acquired the
ydrophilic characteristic from the amorphous TiO2 surfaces [40].
able 2
ontact angle and surface energy components of DLC and TiO2-DLC ﬁlms with differen
ifferent areas.
NCD concentration (g/L) Contact angle (◦) 
Water Diiodomethane 
0.0 82.3 ± 4.5 40.2 ± 1.6 
0.1  53.0 ± 2.1 39.6 ± 2.4 
0.5  53.3 ± 1.5 44.1 ± 5.4 s. All the images are in the ampliﬁcation of 10,000×.
The surface energy components obtained according to the
Owens method [33] are also listed in Table 2. The total surface
energy () of 40.0 mN/m for the as-deposited DLC ﬁlms is esti-
mated as the sum of a dispersive component (d = 36.0 mN/m)
and a polar component (p = 4.0 mN/m). The interfacial free energy
determines the wetting characteristics, and hence, the wall shear
stress generated when the liquid comes into contact with the sur-
face [33]. As the concentration of TiO2 nanoparticles in DLC ﬁlms
increased, the total surface energy also increased from 40.0 mN/m
to 49.9 mN/m.  The increasing in the total surface energy of TiO2-
DLC ﬁlms is attributed to the increasing in the polar component.
TiO2-DLC ﬁlms have a higher polar component due to the oxide par-
ticles on the surface [41]. The polar components attract the electric
dipoles of water, which minimizes the interfacial energy and the
water contact angle [41]. The water contact angle decreased as the
polar component in the surface energy increased. Electric dipole of
water molecule is attracted by the polar component, which reduces
the interfacial energy between the surface and the water, and thus,
the wetting angle of water [42].
The fractional polarity [3] (FP = p/(d + p)) has been previously
correlated with cell attachment and cell spreading [40]. Hallab et al.
[49] stated that the shear strength of cell adhesion reached its max-
imum at around 0.5 FP. In the present study, ﬁlms containing 0.5 g/L
of TiO2 are in this range.The MTT  assay offers a quantitative, conve-
nient method for evaluating a cell population’s response to external
factors, whether it be an increase in cell growth, no effect, or a
decrease in growth. The MTT  assay is a colorimetric assay sys-
tem which measures the reduction of a tetrazolium component
(MTT) into an insoluble formazan product by NAD(P)H-dependent
oxidoreductase enzymes largely in the cytosolic compartment of
the cell, speciﬁcally in mitochondrial compartment. The mitochon-
drial enzyme succinate-dehydrogenase within viable cells is able to
cleave the tetrazolium salt MTT  into a blue colored product (form-number of viable cells [43]. Among the applications for the method
are drug sensitivity, cytotoxicity, response to growth factors, and
cell activation. For this, the increasing of concentration of TiO2 in
t TiO2 concentrations. Each mean value corresponds to the average value on ﬁve
Surface free energy (mN/m) /(d + p)
Dispersive (d) Polar (p) Total
36.0 4.0 40.0 0.10
29.8 20.9 50.7 0.41
27.4 22.5 49.9 0.45








(ig. 3. L929 mouse ﬁbroblast mitochondrial activity curve measured by MTT  assay.
he  percentage of cell viability was calculated by normalization of optical density
o  the negative control.LC ﬁlms is in direct relation with cell viability and mitochondrial
ctivity.
Fig. 3 shows the mitochondrial activity found for DLC and TiO2-
LC ﬁlms after 24 h. A high index of mitochondrial activity is shown
ig. 4. SEM images of L929 mouse ﬁbroblast spreading on (a) and (d) DLC, (b) and (e) 0
a)–(c)  are at 1000× magniﬁcation, and on the right (d)–(f) at 5000×. Science 266 (2013) 176– 181 179
for DLC and TiO2-DLC ﬁlms. The increasing concentration of TiO2
nanoparticles in DLC ﬁlms enhanced the mitochondrial activity on
these samples.
Cell morphology was  assessed by SEM and is shown in Fig. 4. L-
929 mouse ﬁbroblast cells are often elongated, much ﬂattened with
microvilli and/or cell prolongations on their surface. The presence
of a pseudoconﬂuent layer of elongated and adherent cells demon-
strated very good adhesion and good spreading of the ﬁbroblasts
on the DLC and TiO2-DLC coatings. Cellular processes linking these
cells were also observed in all of the samples.
The Lactate dehydrogenase (LDH), which is a soluble cytosolic
enzyme present in most eukaryotic cells, releases into culture
medium upon cell death due to damage of plasma membrane. The
increase of the LDH activity in culture supernatant is proportional
to the number of lysed cells. If the cells are lysed prior to assaying
the medium, an increase or decrease in cell numbers results in a
concomitant change in the amount of substrate converted. This
indicates the degree of inhibition of cell growth (cytotoxicity)
caused by the test material. If cell-free aliquots of the medium from
cultures given different treatments are assayed, then the amount of
LDH activity can be used as an indicator of relative cell viability as
well as a function of membrane integrity. This technique has been
utilized as conventional cytotoxicity resulting from interaction of a
test material with the cell. In this case, the decrease of LDH activity
show the plasma membrane integrity [44,45].
.1 g/L TiO2-DLC, and (c) and (f) 0.5 g/L TiO2-DLC ﬁlms. The images on the left side
180 C.C. Wachesk et al. / Applied Surface
















rial but a group of materials with a wide range of atomic bond
F
ﬁiO2-DLC ﬁlms. The percentage was calculated by normalization of optical density
o the negative control.
Fig. 5 shows the results of cell proliferation on DLC and TiO2-DLC
lms obtained by LDH total assay. An index of LDH activity is shown
or DLC and TiO2-DLC ﬁlms. The increasing concentration of TiO2
anoparticles in DLC ﬁlms decreases the LDH activity on these sam-
les and shown the integrity of plasma membrane. These results
enhance the mitochondrial activity and decrease of LDH activity)
onﬁrm that the increasing concentration of TiO2 nanoparticles in
LC ﬁlms allowed the biocompatibility (no cytotoxicity) in this cell
ineage (L-929 cells).
The cytoskeleton distribution analyzed with a ﬂuorescent
arker rhodamine–phalloidin (Fig. 6). DAPI was used to mark
ucleolus. In Fig. 6, cells on DLC and TiO2-DLC ﬁlms were examined
y the rhodamine–phalloidin (red), and DAPI (blue) at 24 h. A high
ell attachment was obtained on TiO2-DLC (0.5 g/L). The difference
etween the number of cell attachment and the cell morphology on
ig. 6. Cells (a) on (b) DLC, (c) 0.1 g/L TiO2-DLC, and (d) 0.5 g/L TiO2-DLC ﬁlms marked
laments) at 24 h. Science 266 (2013) 176– 181
DLC and TiO2-DLC ﬁlms was quite clear. An increasing DLC wettabil-
ity by the presence of TiO2 nanoparticles [31] seemed to facilitate
the cell adhesion, raising the cell adhered number. In addition, a
considerable increase of cell cytoplasmatic projections (polygonal
shape) was observed on TiO2-DLC ﬁlms, with all the cells com-
pletely spreading (Fig. 6c and d), compared to DLC (Fig. 6b), where
the cells had reduced projections (ball like shape). As observed
in MTT  and LDH assay, the rhodamine–phalloidin and DAPI test
show a strong compatibility of the DLC ﬁlms. The increased of cells
observed in 0.5 g/L TiO2-DLC ﬁlms (with DAPI marker) and no alter-
ations in cytoskeleton component (rhodamine–phalloidin marker)
conﬁrm these results.
Fibroblasts play a particularly important role in the wound
repair process as one of the ﬁrst tissues involved with the repair
of damaged or diseased tissue. Substrate properties including the
water contact angle [46], surface free energy [35], and roughness
[46,47] can inﬂuence cellular processes of attachment, spreading
and growth. Some researchers have reported that cell adhesion
appears to be maximized on moderately wettable surfaces with
water contact angles in the range of 60–90◦ [46–48].  The DLC and
TiO2-DLC water contact angle values in this range are indepen-
dent of TiO2 nanoparticle concentration (0.1 or 0.5). However, van
Wachem et al. [48], who  studied human endothelial cells, further
suggest that moderately wettable surfaces increase the adsorption
of serum proteins, which thereby increases cell attachment, spread-
ing, and adhesion. In this case, the TiO2-DLC ﬁlms will be more
applicable.
Furthermore, ﬁbroblast spreading has been correlated with sur-
face free energy, with greatest spreading on substrates with surface
free energy greater than 45 (mN/m) [48,49], as in the case of these
TiO2-DLC ﬁlms [31].
According to Chai et al. [4],  since DLC is not a speciﬁc mate-structures and properties depending on the preparation method,
it must be noted that many previous works have reported contra-
dictory results about the effect of DLC coating on the improvement
























































[C.C. Wachesk et al. / Applied S
f biomedical performance of materials. However, one important
spect should be carefully addressed: DLC coating exhibits a wide
ange of atomic bond structures, depending on the deposition con-
itions, and consequently bulk materials properties and surfaces.
. Conclusion
In this paper, L929 viability and spreading was  studied on
iamond-like carbon ﬁlms containing TiO2 nanoparticles. The
ncreasing concentration of TiO2 nanoparticles in DLC ﬁlms
nhanced the mitochondrial activity and decreases the LDH activ-
ty on these samples. A high cell attachment was  obtained on most
oncentrated TiO2-DLC ﬁlms. Fluorecence and scanning electron
icroscopy corroborate the results. These results show the poten-
ial use of DLC and TiO2-DLC ﬁlms in biomedical applications.
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